We investigate the structural evolution of Er/Si nanoclusters obtained in co-implanted fused silica upon annealing via Raman spectroscopy and transmission electron microscopy. The effect of annealing temperature (900-1200°C) on the nature and the relative fraction of the formed amorphous-Si, Si nanocrystals (Si-nc), and amorphous Er nanoparticles (Er-np) was determined in this ternary Er-Si-O system, showing a change of growth regime above 1100°C due to the formation of mixed Er/O/Si aggregates. We observe that the nucleation and growth of amorphous Er-np and Si-nc are mutually affected. The 2-fold increase in the size of Er-np when no excess Si 1 is present in the matrix indicates that the formation of Si-nc in the proximity of Er clusters hinders Er diffusivity above 1100°C. This finding shows the importance of nanoclustering for improving the thermal stability of Er-doped silica systems.
I. INTRODUCTION
Erbium (Er) doped fiber amplifiers (EDFA) have been crucial components for long-range optical fiber telecommunications since the 1990s, due to their emission (Er-4f-shell emission) at a wavelength of 1.54 lm where common optical fibers (SiO 2 ) exhibit minimum loss. 1 However, the loss of their optical emission above 900-1000°C limits their potential use for aerospace applications, in which harsh environments (including high temperatures) are very common. The development of new generation EDFA depends on improving their thermal resistance, which requires an in-depth understanding of the nanostructural evolution upon thermal exposure. After two decades of research on Er-related emission in silica glass, the nature and the relative variation of phases responsible for changes in optical emission are still poorly understood.
The beneficial effect of introducing excess Si 1 into the Er/SiO 2 system on the Er 4f-shell emission at 1.54 lm is well-known and reported in the literature. [1] [2] [3] The presence of excess Si 1 in the SiO 2 matrix (upon annealing treatment) results in the formation of Si nanocrystals (Si-nc) that are found to act as sensitizers, thus allowing more efficient Er-related optical emission. [1] [2] [3] [4] [5] [6] [7] The size variation and inter-particle spacing of Si-nc, as well as the Er concentration are important parameters which affect the efficiency of energy transfer from Si-nc to Er ions and their optical emission. 8, 9 On the other hand, in recent studies on EDFA for space applications, 10, 11 it was determined that the presence of Er-doped nanoparticles increases the radiation resistance of optical fibers by reducing the quenching of Er luminescence due to the generation of nonradiative defects.
Kanjilal et al. studied the effects of (single or two-step) rapid thermal annealing (RTA), between 6 s to 10 min of annealing at a temperature range of 850-1050°C, on Er luminescence with oxidized silicon substrates initially implanted with Si. 1 In another study, the ion-implantation of Er was conducted prior to Si and the formation of nanostructures was investigated after single-step annealing (1100°C, 1 h). 12 Even though the formation of Si-nc and Er-rich nanoclusters was observed in earlier studies, the relative evolution of these phases in a broad temperature range is still ambiguous. This is due to the variations in processing conditions such as annealing procedure and ion-implantation order, which prevent direct comparison.
Here, our overall objective is to identify the key structural changes that can improve the thermal stability of Er/Si ion-implanted fused silica. This understanding will be used to determine potential routes for the development of new generation EDFA with superior resistance to thermal, mechanical, and radiation stimuli. We present results on the nanostructural evolution of fused silica containing Er and Si-rich sublayers, as well as their relative evolution upon annealing. The samples were produced using ion-implantation, allowing precise depth and concentration control of atomic species in the silica substrate. To describe the complex precipitation mechanism of nanoclustering in the temperature range studied (900-1200°C), our experimental methodology compares investigations by Raman spectroscopy and transmission electron microscopy (TEM). This approach provides data on the changes in type and density of chemical bonding, as well as on the depth-distribution, chemical composition, and crystal structure of nanoparticles allowing a complete picture of nanostructural evolution.
II. EXPERIMENTAL PROCEDURE
Ion-implantation experiments were designed [as shown in Fig. 1 15 ions/cm 2 (%3 at.%). The short description of ion-implantation used for the preparation of our samples was reported elsewhere. 13 Annealing treatments were performed after ion-implantation in an atmosphere controlled tubular furnace (Lindberg-Blue) for 1 h under ultra-high purity nitrogen flux (N 2 ) at the annealing temperatures listed in Table I . Raman spectroscopy and photoluminescence-visible (PL-visible) measurements were conducted using an AIST CombiScope Scanning Probe Microscope (AIST-NT, Novato, California) coupled with 532 nm laser excitation and 100x objective (0.9 NA) enabling the fine positioning of the laser excitation on the sample surface. The spectral resolution of these measurements is about 1 cm À1 . Moreover, 405 nm laser-diode was used for PL measurements at room temperature (RT) in the Near-Infrared (NIR) range. For TEM investigations, the cross-sectional samples from individual zones of implantations were initially cut using a low speed diamond saw. Subsequently, cross-sectional TEM discs of about 300 lm thickness were obtained via ultrasonic cutting. After grinding/polishing, an additional dimple grinding was used to obtain discs with %20-30 lm thickness in the region of interest. The sample preparation was completed by Ion-beam polishing (PIPS) via Gatan Model 691 (3-10°gun tilt and 4-5 keV) (Gatan Inc., Pleasanton, California). TEM analysis was conducted at 200 kV using a JEOL 2100F microscope (JEOL, Tokyo, Japan), equipped with Oxford Instruments energy dispersive spectroscopy (EDS) Detector (Oxford Instruments, Oxfordshire, UK) used for high resolution EDS mapping (scanning transmission electron microscopy [STEM]).
III. RESULTS AND DISCUSSION
PL measurements upon 900°C annealing for 1 h ( Fig. 2 , before (a) and after (b) the subtraction of the fused silica spectral contribution measured in the nonimplanted sample. Raman spectra for zone 2 sample in as-implanted condition exhibits an additional broad PL-emission related to the effects of structural defects induced by ion-implantation [ Fig. 2(a) ], which superimposes to the fused silica Raman signature. After annealing, the sharp Raman peak observed [ Fig. 2(b) ] around 519 cm À1 is associated with the well-known optical phonon signature of Si-nc, 14, 15 where phonon confinement effects predict energy shifts of 1-10 cm À1 below the bulk Si phonon. In the Er-implanted region, a broad spectral luminescence emission compatible with Er-4f:
4 S 3/2 -4 I 15/2 transition (%553 nm) is observed around a Raman shift of 550 cm À1 (based on 532 nm laser excitation) in Fig. 2(b) . A difference of about 160 cm À1 between this measured emission energy and the tabulated value is reported, which is consistent with an energy shift induced by crystal-field effects on the 4 I 15/2 ground state at RT. 16 This PL peak superimposes with the Si-nc phonon peak around 519 cm À1 for measurements recorded in zone 2. After subtracting the Er PL emission from the spectral background, the Raman peak intensity of Si-nc phonons indicated a 2-fold increase compared to the region without Er, whereas no significant energy shifts were measured. The intensity of phonon peaks can be directly related to the density of chemical bonds associated with the respective vibrations, as we do not observe a measurable increase in surface roughness of silica substrate upon implantation which has been reported to affect the Raman intensity. 17 When Er is present in the SiO 2 matrix in addition to the excess Si, the spectral increase observed in zone 2 indicates that more Si-Si bonding occurs in this sample. In other words, this indicates that the presence of Er promotes the nucleation of Si-nc. The effect of Er atoms on Si-nc nucleation and growth was previously reported, stating that Er promotes the formation of Si-nc (with similar size) in the vicinity of Er under thermal activation. Above a certain Er concentration (3.5 Â 10 18 atoms/cm 3 ), increase in Er amount resulted in coalescence of Si-nc. 18 However in another study, the increase of Er content was observed to decrease the Si-nc size by acting as heterogeneous nucleation sites. 19 On the other hand, in an equivalent system where only Si 1 ions were implanted into SiO 2 (without Er involved), the fraction of excess Si 1 that takes part in the nucleation of Si-nc is only about 50%, 20 hence enabling the possibility of the 2-fold increase of Si clustering observed by Raman in Fig. 2 .
The apparent formation of additional Si-Si bonds in the system when the initial excess Si 1 concentration (%10 at.%) is similar, can result either from a decrease in the solubility of Si in SiO 2 in the presence of Er, thus creating more available Si in the matrix, or from the reaction of Er with SiO 2 (or oxygen) leading to the formation of Er-O bonds as well as the increase in the fraction of excess Si that is involved in Si-nc nucleation. The latter is more consistent with thermodynamic studies 21 stating that the formation of erbium oxide (Er 2 O 3 ) is more favourable than silicon oxide (SiO 2 ) in the Si-Er-O system. This is also supported by the reactivity experiments between Er and SiO 2 performed at 1150°C for 9 h under Ar atmosphere, which resulted in the formation of Er 2 O 3 and Er 2 SiO 5 as products. 21 As a consequence of the strong chemical affinity between Er and O, segregation effects between Si-nc and Er nanoparticles (Er-np) may occur. This was verified by the in-depth phase analysis of zone 2 (co-implanted section with both Si 1 and Er 31 ) after annealing at 1100°C for 1 h (N 2 ), clearly indicating the nanoclustering of Er [ Fig. 3(a) ].
EDS line-scans (STEM mode) show that Er is mainly concentrated in these high-contrast nanoparticles, which are found to be amorphous in nature on the basis of selected area electron diffraction analysis (not shown). It was reported that Er-clustering was observed even after RTA. 1 High resolution TEM imaging allows to identify nanocrystalline precipitates having inter-planar spacings of 3.84 Å and around 3.13 Å (consistent with {110} and {111} d-spacings of crystalline Si) in the vicinity of Er-rich nanoclusters [ Fig. 3(b) ]. Hence, in agreement with the Raman results, such nanocrystals were identified as pure Si-nc, surrounded by amorphous Er nanoaggregates. The formation of pure Si-nc in the presence of Er 31 in the matrix is consistent with previous studies. 12, 19, 22 The evolution of the Raman spectra recorded from zone 2 (Er 31 and Si
1
) is shown in Fig. 4 On the other hand, the Raman analysis of the 900°C annealed sample (1 h in N 2 ) exhibits highest quantities of a-Si and Er 2 O 3 , whereas the amount of Si that precipitates to form Si-nc has its lowest value at 900°C [ Fig. 4(a) The reduction of Er 2 O 3 concentration during the crystallization of a-Si might be due to the formation of ErSi 1.7 phase (lattice mismatch of only ;1.1% with crystalline Si) which can induce crystallization. This will be further investigated in a forthcoming study. In addition, for annealing temperatures above 1100°C, as the relative quantities of all three abovementioned phases decrease, we suggest that a new ternary phase forms involving erbium, silicon and oxygen, which is consistent with literature stating the formation of ErSi 3 O 6 complex compound via atom probe measurements. The nanostructural evolution of ion-implanted regions for different zones or annealing temperatures is shown in Fig. 5 via cross-sectional TEM (bright-field) and STEM images under identical magnification. The average particle size analysis is conducted by measuring around 125 to 150 particles for each substrate annealed at different temperatures so that the reported images can be used for direct qualitative comparison of relative sizes and morphologies. Before annealing treatment, no nanoparticle formation occurs, hence the TEM image contrast is only due to implantation damage [ Fig. 5(a) ]. Fig. 5(b) ] after 1100°C annealing for 1 h. As shown previously in Fig. 3(b) , the observable size of Si-nc (,10 nm) is smaller than Er-np, probably due to the crystallinity of Si-nc compared to amorphous Er-np. The same is observed when the Si 1 implanted sample [ Fig. 5(b) ] is compared with the co-implanted region [ Fig. 5(c) ] after the same annealing treatment at 1100°C for 1 h under N 2 atmosphere. Both the relatively large size of nanoparticles and the high atomic number of Er (observed as high-contrast particles) enabled the measurements of Er-np size with high accuracy. Hence, the effect of annealing temperature and more importantly the co-implantation of additional Si 1 ions on the Er-np nucleation and growth can be analyzed. The average particle sizes in zone 2 samples annealed at 1100 and 1200°C are 13.3 and 14.6 nm, respectively (60.5 nm). The increase in temperature from 1100 to 1200°C results in an increase in the average size of particles and, also affects the particle size distribution significantly [Figs. 5(c) and
A more detailed analysis of the Er-np size distribution analysis for zone 1 (Er 31 ) and zone 2 (Si 1 and Er 31 ) samples is reported in Fig. 6 . Apart from the increase in average particle size stated earlier for zone 2 samples, the depth-distribution of Er-np is less extended when annealing at 1100°C compared to 1200°C. With the increase in temperature, the number of small-sized Er-np (,10 nm) increases drastically at the depth range of 0-40 nm from ion-implanted surface [Figs. 6(b) and 6(d)]. The amount of small particles increases and the maximum size of already formed Er-np indicates the continuation of nucleation and growth processes. Consistently, for all particle size ranges we investigated, there is a more even spatial distribution of Er-np at 1200°C compared to 1100°C: more particles are found in the vicinity of the surface and at higher depths from the implanted surface. In other words, the relative quantity of small-sized Er-rich particles (,10 nm) is higher in zone 2 sample annealed at 1200°C (.40%) than zone 2 sample annealed at 1100°C (%20%) as shown in Fig. 6(a) .
This shows that the nucleation of new particles occurs upon annealing above 1100°C and that the majority of them are found to be between 20 to 60 nm depths where most Si 1 ions are also concentrated [depth range: 15-69 nm as shown in Fig. 5(b) ]. It can be inferred from the superimposition of these two depth profiles that the newly formed nanoparticles contain more Si compared to those formed below 1100°C, in agreement with the results presented in Fig. 4(d) , where the drop in the relative quantities of Er 2 O 3 and Si found in a-Si and Si-nc was related to the formation of a possible mixed aggregate containing Er, O, and Si. The formation of such Er-O-Si complex compounds has already been reported. 6, 21, 25 To understand the effect of excess Si 1 on the formation of Er-np, which results in an increase in Er luminescence at 1.535 lm as shown in Fig. 1 , the number of nucleation sites seems to increase for Er clustering, resulting in the formation of a higher number of refined Er-np. In addition, the growth of Er-np is also inhibited by the presence of excess Si
. This feature, where the agglomeration of Er atoms is less effective in the presence of Si, was also observed in samples annealed at 900°C (not shown). It can be inferred that the lower mobility of Er atoms in the presence of Si is an indication of improved thermal stability up to 1200°C. This contradicts the findings of Pellegrino et al., which state that the clustering of Er was independent on Si-nc density. 4 For the fabricating parameters used here, the decrease of both the Er-np size and depth-distribution reported by TEM indicates that the presence of excess Si 1 with silicon oxide can strongly reduce the Er thermal diffusivity. Hence, the presence of Si-nc would improve the thermal stability of Er-doped fused silica materials. 
